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The two recent gravitational-wave events GW190425 and GW190814 from the third observing
run of LIGO/Virgo have both a companion which is unexpected if originated from a neutron star
or a stellar black hole, with masses [1.6 − 2.5] M and [2.5 − 2.7] M and merging rates 460+1050−360
and 7+16−6 events/yr/Gpc
3 respectively, at 90% c.l.. The possibility that these objects are Primordial
Black Holes (PBHs) is investigated. The known thermal history of the Universe predicts that the
PBH formation is boosted at the time of the QCD transition, inducing a peak in their distribution at
this particular mass scale, and a bump around 30− 50 M. We find that the merging rates inferred
from GW190425 and GW190814 are consistent with PBH binaries formed by capture in dense halos
or before matter-radiation equality. At the same time, the rate of black hole mergers around 30 M
and of sub-solar PBH mergers do not exceed the LIGO/Virgo limits. Such PBHs could explain a
significant fraction, or even the totality of the Dark Matter, but they must be sufficiently strongly
clustered in order to be consistent with current astrophysical limits.
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Introduction: The detection in 2015 by Advanced Ligo
of the gravitational waves (GWs) emitted during the fi-
nal phase of the merging of two black holes (BHs) [1], has
been an incredible tour de force rewarded by the 2017
Nobel Prize in Physics. GW observations open a new
window to study BH formation scenarios and to test fun-
damental physics. The first series of GW observations by
LIGO/Virgo have brought their share of surprises, like
progenitor masses above expectations, suggesting that
they may come from low-metallicity environments if of
stellar origin, and low effective spins that are hard to
explain in standard stellar evolution scenarios [2]. Re-
cently, the two events GW190425 and GW190814, which
had no electromagnetic counterpart, have revealed the
existence of compact objects of mass between 1.8 and
2.7 M [3, 4]. This is above the mass of all known binary
neutron stars [5], and below expectations for stellar black
holes, in the so-called lower mass gap, see however [6].
The existence of black holes in this range of masses is fur-
ther supported by a recent microlensing survey towards
the galactic bulge, based on observations by OGLE and
Gaia [7]. Furthermore, GW190814 is an unequal mass
binary merger, with a mass ratio of about q = 0.1. The
spin of its primary component is the best constrained so
far and it is very low, |χ1| < 0.07 [4]. The inferred merg-
ing rate, τ = 7+16−6 events/yr/Gpc
3 is only slightly below
that for massive black holes holes and seems to be incom-
patible with current astrophysical models [4, 8]. All this
suggests the need of revising and improving stellar evolu-
tion scenarios, or of seriously considering the existence of
a new population of black holes of primordial origin [9].
Primordial Black Holes (PBHs) may have formed in
the early Universe due to the gravitational collapse
of pre-existing, order one density fluctuations [10–12].
These can take their origins in the inflationary era [13–17]
and in some models, a wide distribution of stellar-mass
PBHs can be produced [18–20] at the epoch of the QCD
transition. These may contribute to a fraction, or even
the totality of the Dark Matter (DM) in the Universe.
PBHs would naturally have low spins [21], different from
the predictions of stellar models [2, 22], see however [23].
Soon after the first gravitational-wave detection, it has
been suggested that the progenitors of GW150914 were
PBHs [24–26]. Two binary formation channels have been
investigated: by capture in dense halos [24], such as ultra-
faint-dwarf-galaxies [25], or right after their formation
as a result of the Poissonian fluctuations in their initial
positions [26]. Both channels can lead to merger rates
compatible with LIGO/Virgo observations if PBHs con-
tribute to a significant fraction of the Dark Matter.1
The limits on the PBH abundance from various astro-
physical and cosmological probes (for a review, see e.g.
1 For primordial binaries, a higher rate was obtained by Sasaki
et al. [26] but since then N-body simulations have shown a rate
suppression if fPBH & 0.1 [27] due to tidal disruption by early-
forming PBH clusters, possibly down to a value compatible with
gravitational-wave observations [28].
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FIG. 1: The PBH mass distribution (blue line) from an almost
scale-invariant primordial power spectrum of curvature fluc-
tuations with ns = 0.97, normalized such that fPBH = 1, with
a PBH/Hubble mass ratio of γ = 0.8 and showing the features
induced by the QCD transition in the form of a proton-peak
at 2− 3 M and a pion-bump at 30− 50 M. Vertical lines
indicate the best-fits for the component masses of GW190425
and GW190814, and for the lens mass in measured microlens-
ing events by OGLE and Gaia towards the galactic bulge.
Refs [29, 30] and references therein) exclude monochro-
matic PBH models, but these are anyway unrealistic on
the theoretical point of view, because any realistic sta-
tistical distribution of pre-existing inhomogeneities leads
to the formation of PBHs near the regime of critical col-
lapse, leading to a peaked mass function of non-negligible
width [31–33]. At the solar mass scale, only lensing con-
straints seem to exclude PBHs to constitute a large frac-
tion of the Dark Matter, see however [34, 35]. But wide
mass functions should also change the clustering proper-
ties of PBHs [36], and if most of them are regrouped in
dense halos whose size is only limited from below due to
the process of dynamical heating, then those PBH clus-
ters also act as a lens [37]. This way, distant point sources
become Einstein arcs and the magnitude of eventual mi-
crolensing events is damped below the detectable level.
Other limits on the PBH fraction apply to lower or high
mass scales, and so it is still plausible, even if debated and
controversial, that an extended mass function and clus-
tered PBHs around 2 M constitute most of the Dark
Matter in the Universe [9, 37]. Such PBHs would have
formed exactly at the time of the QCD transition, when
quarks and gluons condensed into protons and neutrons.
The QCD transition induces a temporary reduction of
the equation of state of the Universe. As consequence
of the exponential dependence of the PBH abundance
on the equation of state (through the critical collapse
value), PBH formation must have been boosted at the
QCD transition [37–39]. This unavoidably, since it relies
on known physics, introduces a peak in the PBH mass
function around the solar mass scale, as well as a bump
around 30 M corresponding to the moment when pi-
ons became non-relativistic [37, 39, 40]. At the same
time, the collapsing inhomogeneities into PBHs provide
all the ingredients for an efficient baryogenesis, without
the need to go beyond the standard model of particle
physics [41, 42]. In this scenario, if PBH are all of the
Dark Matter or an important fraction of it, their abun-
dance at formation is naturally connected to the baryon
to photon ratio of the Universe. The relative abundance
of baryons compared to Dark Matter in the form of PBHs
also suggests a ratio γ ' 0.8 between the PBH mass and
the mass of the collapsing horizon-sized region.
The PBH mass distribution imprinted by the QCD
transition for a nearly scale invariant power spectrum of
curvature fluctuations with a spectral index of ns = 0.97
and normalized to get an integrated PBH abundance
equal to the one of Dark Matter, is represented on Fig-
ure 1. The values of ns compatible with the astrophysi-
cal limits on the abundance of PBHs are quite restricted,
between 0.96 and 0.98 such that the mass function in
the stellar range is relatively well defined [37]. Almost
scale invariance is a generic prediction of inflation. Ef-
fectively, the model also describes well other scenarios
with a broad power spectrum peak [18–20]. This sce-
nario therefore provides a strong motivation to search
for PBHs between 2 and 3 M from the QCD-proton
peak, eventually merging with PBHs from the QCD-pion
bump.
GW190425 and GW190814 both involve at least one
compact object of this mass and may be a strong hint of
their primordial origin. GW190425 could thus be due to
two PBHs from the QCD-proton peak, while GW190425
could involve one PBH from this peak and another one
from the QCD-pion bump. In order to test this hypoth-
esis, the merging rates inferred by the LIGO/Virgo col-
laboration for these two events is a good discriminator.
For GW190425, it is evaluated at M ≈ 2.5 M [3], while
for GW190814, at M ≈ 2.7 M [4]. These rates should
also be compared to the merging rate of heavier black
hole mergers, since their suspected low spins may also
be explained by a primordial origin. Note that it is ex-
tremely difficult to explain the existence of binaries of
astrophysical black holes in the mass gap, with low mass
ratios and negligible spins. Moreover, the absence of tidal
deformations in the waveform of GW190814, as well as
the amount of total GW emitted versus the final mass of
the merged black hole, may be a hint of a BBH, but one
cannot exclude a NSBH binary [4].
PBH merging rates: PBH binaries can form by tidal
capture in dense halos or in the early Universe, before the
matter-radiation equality, if they formed sufficiently close
to each other for their dynamics to decouple from the
expansion of the Universe. Each channel gives a specific
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FIG. 2: Merging rate distribution for the PBH mass distri-
bution shown in Figure 1, for PBH binaries formed by tidal
capture in dense clusters, with Rclust = 420. The orange
and green isocontours correspond to the rates inferred from
GW190814 and GW190425, respectively, the solid lines corre-
sponding to the 90% confidence intervals and the dashed lines
to the best fit. The black lines represent the contours (90%
confidence limits) for the component masses of GW190814
and GW190425 and both coincide with the rate predictions
in our PBH scenario.
mass dependence in the merging rate.
For PBHs in halos, the merging rate distribution is
given by [25]
dτ
d lnm1d lnm2
= Rclust. × f(m1)f(m2)
× (m1 +m2)
10/7
(m1m2)5/7
yr−1Gpc−3, (1)
where Rclust. is a scaling factor that depends on the PBH
clustering properties, including their velocity distribu-
tion, f(mPBH) ≡ dρPBH/d lnmPBH is the PBH mass dis-
tribution represented on Figure 1, ρPBH is the cosmologi-
cal density of PBHs today, and m1, m2 are the two merg-
ing black hole masses. Halo mass functions compatible
with the standard ΛCDM cosmological scenario typically
leads to Rclust. ≈ 1− 10 [24]. For our mass distribution,
this is too low to explain the merging rate inferred from
GW190425, at which mass one has f(mPBH) ' 1. This
is also too low to explain the rate at larger mass, in-
ferred from other black hole mergers [43, 44]. However, a
wide mass distribution naturally leads to enhanced clus-
tering [36] for several reasons. On the one hand, be-
cause of the existence of initially large curvature fluctua-
tions on scales lower than the ones probed by the cosmic
microwave background and large scale structures. On
the other hand, because intermediate and supermassive
PBHs act as an additional seed of structures [45, 46]. Fi-
nally, in some scenarios PBH may have directly formed in
clusters [47]. The importance of these effects is strongly
model dependent and still an open question. But due to
the discrete nature of PBHs, dense clusters are subject to
dynamical heating [48]. Typically PBH clusters of radius
less than a parsec are dynamically unstable and expand,
up to the scale of globular cluster and ultra-faint-dwarf-
galaxies. It is therefore realistic that a majority of PBHs
end up in such dense halos, whose density and Viral ve-
locity gives a value of Rclust ∼ 103. Clustering is also
required in order to evade the microlensing limits on the
PBH [34, 35, 37]. We find a range Rclust = [400 − 450],
in such a way that the integrated merging rate for a pri-
mary massm1 > 5M and mass ratios q ≡ m2/m1 > 0.2,
is given by 20 yr−1Gpc−3. This is compatible with the
limits from LIGO/Virgo observations [43, 44] but also
means that PBH binaries would likely constitute a sub-
dominant fraction of the merger rate observed above
20 M, with a larger fraction due to stellar BH binaries.
The resulting merger rate distribution is shown on Fig-
ure 2, together with isocontours corresponding to the rate
values (best fit and 90% c.l.) inferred from GW190425
and GW190814 [3, 4]. These are perfectly consistent with
the 90% c.l. for the two compact object masses. Addi-
tionally, one can notice that GW190425 and GW190814
both lie in the two regions with a higher expected detec-
tion rate when one takes into account the detector sensi-
tivity and identified in Ref. [37]. Above 15M, the rate
distribution is effectively well approximated by Model B
of [44], assuming dτ/dm1 ∝ m−α1 qβq . We find that α ≈ 1
that is consistent with the observations of the second ob-
serving run of LIGO/Virgo. Nevertheless, we also find
that βq ≈ −1, a value disfavored by observations. One
should however notice that Model B with βq > 0 is ruled
out by GW190814 and so a more detaiuled Bayesian anal-
ysis would be in favor of the PBH model. Finally, Fig-
ure 2 shows the merger rate distribution for both sub-
solar PBHs and more massive ones. It is consistent with
the limits imposed by the search of such objects in the
second observing run of LIGO/Virgo [49]. It also moti-
vates an extension of this search to sub-solar PBHs with
a companion of mass larger than 2 M, which have a
total rate of τ ≈ 200 yr−1Gpc−3.
Therefore, a PBH scenario taking into account thermal
history with binaries formed by tidal capture in halos,
could explain at the same time the mass, spins and rate
of the two unexpected events GW190425 and GW190814,
while being consistent with rate limits at large masses
and at sub-solar masses.
One can also examine if PBH binaries formed by tidal
capture in the early Universe [26] can explain those merg-
ing rates. These can form when, as a result of their Pois-
sonian spatial distribution of PBHs at formation, PBHs
have formed sufficiently close to each other. The grav-
itational influence of one or several PBHs nearby pre-
vent the two black holes to merge directly and instead
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FIG. 3: Same as Figure 2, but for PBH binaries formed by
tidal capture in the radiation era, assuming a suppression
factor fsup = 0.0025 or, alternatively, fPBH = 0.05.
form a binary. Eventually, the binary is sufficiently sta-
ble and it takes of the order of the age of the Uni-
verse for the two black holes to merge. If one assumes
that early forming PBH clusters do not impact the life-
time of those primordial binaries (a criterion satisfied for
fPBH . 0.1 [27]), the present merging rate is approxi-
mately given by [28, 50, 51]
dτ
d lnm1d lnm2
≈ 1.6× 106 Gpc−3yr−1f(m1)f(m2)fsup
×
(
m1 +m2
M
)− 3237 [ m1m2
(m1 +m2)2
]− 3437
,(2)
If PBHs contribute predominantly to the DM, we effec-
tively describe the above mentioned effect by including
in the previous equation a suppression factor fsup whose
possible value is still rather unclear and can depend on
numerous effects. We assumed that fsup = 0.0025, in-
dependent of the PBH mass, which reproduces a rate
of τ ≈ 20 events/yr/Gpc3, as for PBH binaries formed
in clusters. Alternatively, one can consider a rescaled
mass function giving fPBH = 0.05 with no suppression.
We find that the rates for GW190814 and GW190425
can be explained by early binaries as well, as shown in
Figure 3. Nevertheless, for this formation channel, the
rates at larger masses is reduced up to one order of mag-
nitude, and therefore explaining at the same time the
GW events observed in the second observing run appears
to be challenging. Finally, we found that the merging
rate of sub-solar binaries is of τ ≈ 900 events/yr/Gpc3 if
m1 < 2M, consistent with current limits, and τ ≈ 430
events/yr/Gpc3 if m1 > 2M.
Inferring the PBH abundance: In order to compare the
rate in Eq. (1) with the actual observations we need to
fix the scaling factor Rclust., which depends on both the
PBH fraction fPBH and their clustering properties as a
function of redshift. There are recent analysis of merger
rates due to clustering PBH [28, 52] which show that
three-body encounters inside dense clusters rather than
increasing the rate of events actually reduce them due to
the breaking of those binaries [48]. At the end, the rate
is compatible with that observed by LIGO if all of the
Dark Matter is composed of PBH. The usual constraints
on monochromatic mass distributions of PBH uniformly
distributed in space no longer apply [30, 35, 53], and the
clustered wide mass distribution scenario of Ref. [9, 25]
passes all constraints.
Conclusion: Two recent gravitational-wave observa-
tions, GW190425 and GW190814, have attracted atten-
tion because they would involve compact objects in the
so called lower mass gap and, moreover, none of them
seem to have any significant spin. We have shown that
these properties, as well as the merging rates for these
two events, are naturally explained if these objects are
primordial black holes with a mass distribution imprinted
by the thermal history of the Universe, at the time of the
QCD epoch. Two binary formation channels have been
investigated, by tidal capture in PBH clusters or in the
early Universe. The former seems to explains well the
GW observations but the latter cannot explain at the
same time the rates of GW190425 and GW190814, as
well as the rates inferred for almost equal-mass binaries
around 30 M detected by LIGO/Virgo.
The relatively simple analysis performed in this work
provides new motivations for a detailed investigation by
the LIGO/Virgo collaboration, using more advanced sta-
tistical techniques like Bayesian model comparison be-
tween PBH and stellar BH models, applied to spins [54],
masses and rates and based on the full upcoming cat-
alog of events in the O1, O2 and O3 observing runs.
If a primordial origin were to be definitely confirmed,
these observations may revolutionize our understanding
of the nature of dark matter, the origin of matter and
the physics at play in the Early Universe.
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